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DETERMINATION C(F RATE, AREA, AND DISTRIBUTION OF IMPINGEMENT
OF WATERTIROPS ON VARIOUS ATRFOILS FROM TRAJECTORIES
OBTAINED ON THE DIFFERENTTATL ANALYZER

By A. G. Gulbert, E. Janssen, and W. M. Robbins
SUMMARY

The traJectories of waterdrops in alr flowing over alrfoills are
determined for three alrfoll - angle-of-attack combinations using the
differential asnalyzer to solve the differential equations of motion
of the waterdrops. From these trajsctorles the rate of water impinge-
ment, the area of lmpingement, and the distribution of impingement
are determined as functione of two dimensionless modull.

Comparisons are made of the rate of water impingement on these
airfoils and the rate of water impingemsnt on cylinders.

INTRODUCTION

If a body of any shape and size moves through a cloud, some of the
waterdrops in 1ts path wlll tend +to impinge on the surface of that body
over an area which wilill vary according to the size of the drops, the
speed of the bedy, and so forth. Other drops originally in its path
will be carried around the body and will not impinge. Studies have
been made of the rate and distribution of impingement of waterdrops
on cylinders and two different airfolls by means of numerical inte-
gration of the differentiasl equations of the motion of the drops
(references 1, 2, and 3) ard on cylinders, spheres, and ribbons by
solution of these equations on a differential analyzer (reference 4).

References 1 and 2 both made the assumption that the velocity and
glze of the drops were such that Stokes' law of resistence was followed.
References 3 and 4 did not make this assumption, which is not applicable
at the velocltles of airplanes and for the drop slzes prevalent in
clouds. These references employed instead the experimentally determined
drag coefficlient for spheres as a better spproximation to the drag
coefficlent of the drops.
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In the present study, the rate and distribution of impingement of
waterdrops on a symmetrical, 15-percént-thick, Joukowskl airfoll at
angles of attack of 0° (Case I) and 20 (Case II) and on & cambered
(a = 1 mean 1ine), l5-percent-thick, Joukowski sirfoil at 0° angle
of attack (Case IV) are determined using a differential analyzer for
solution of the.differential equatlons and employlng the experimentally
detormined drag coefficlient of spherss to approximate the drag
coefficlent of the waterdrops. Figure 1 1s a drawing of the three
alrfoil cases (Case III was to have been a study of the symmetrical,
15-percent-thick, Joukowskl airfoil at 4° angle of attack, but it
was decilded to study Case IV in preference thereto.)

This project was under the general dlrection of L. M. X. Boelter.
The authorse wish to acknowledge the advice of John W. HaZen in the
direction and implementation of the research program and the assistance
of R. Peck and M. Potter in making the necessary computatitms for
presentation of the-data and also the assistance of the operators of
the differential analyzer under E. Janssen and G. N. Brittle.

This work was conducted under the aponscrship and wlth the financial
agslistance of the National Advisory Committee for Aeronautics.

SYMBOLS
a acceleration of drop, f£t/sec?
A projected area of waterdrop, ft2
c chord length of airfoll, ft
Cp drag cosfficlent of drop, [1]*
E percentage catch based on maximum [1]
By total percentage catcg} {jthickness of alrfoil [1]
f drag force, #
m mass of drop, 1b or # sec2/ft**
M rate of impingement of waterdrops on a body, 1b/hr £+ span
P velocity of drop relative to alr, ft/sec
r _ radlus of drop, ft
* Dimensionless
%

The abbreviation, 1b, represents pound mass;
the symbol, #, represents pound force.
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Va

va

Xg

Jo

Reynolds Modulus for drop at relative veloclty P, [l]
Reynolds Modulus for drop at free-stream veloclty, [l]

position of impingement on surface of alrfoll, msasured from
chord line, divided by chord length, [1]

furthest position of impingement on surface of alrfoil (i.e.,
trajectory tangent), measured from chord line, divided by
chord length, [1}

time, sec

veloclity component of alr parellel to chord lime, ft/ sec

velocity component of drop parallel to chord line, f£t/sec

free-stream velocity, fit/sec

veloclty component of air normal to chord line, ft/sec

velocity component of drop normsl to chord line, ft/sec

1iquid water comtent of cloud, 1b/ft3

distence from the axls normal to chord line which intersects

leading edge at chord line (i.e., distance from y-axis),
divided by chord length, [1

dxa u

= - B
dx

= = & [

distance from the axlis parallel to chord line which intersects
leading edge at chord line (i.e., distance from x-axis),
divided by chord length, [}

distance of a trajectory from the x-axis at x = -w, divided
by chord length, [i}

Ta _ T
ar U’ (2]
dy, vy
= = o [

mess denslty of air, 1b/f+3
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74 mess density of drop, 1b/f+3

M absolute viscoslty of alr, lb/sec ft
¥ Scale Modulus, 905933 [i]

T Time Scele, tg, [1]

] angle of relative veloclty vector from x-axis [i]
a angle of atteck of alrfoll, deg
Subscripts:

A airfolil

C cylindexr . . -
L lower

U upper

1 first 1mpinginé trajectory

2. second impinging trajectory

ANATYSIS

In & cloud, the motion of a waterdrop which results when a body
moves through that cloud with finite velocity is caused by the drag
created by flow of the displaced alr relative to the waterdrop. This
resuliting motion is the same as 1f the waterdrop had been suspended
in air flowlng over thse statlonary body wlth the same velocity.
Making a force balance on the waterdrop (see fig. 2) one obtains:

2P =0=ma -7F
du

a
F,o =0 = —_— - f coB @ 1
2 Fy m’dt (1)
SF, =0=m 8 . ¢ ging (2)
y=0=ng

vhere f, the drag force, 1s:

_ CpA o P2 ) CprPy P2

£
2 2
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and

cos 8 = -

n = g’:trsyd

Substituting in equations (1) and (2):

sry gt - gt L2 o (22)
2 - f

4 a7 _ Cpr7ePt (Ya = Va) _

LR 2 7 - (22)

These may be reduced to:

an, 3C,y. P
d—:‘-l=—5.-f—7z—(ua-ua) (3)
@ Cy P
T2 - R (e - ) (1)
Miltiply both sides by Op 3 L 2r 7a
WR32rp 7g
(%)
L) _0Y () (o) (e ) )
@) " (e (B B R )@ T
(c) i
a

va

@) _B%Y) ((u ) Co2Pa) (a_ Ta) (6)
g_t (r)'d) (21'U7a,) (2)4' 3% ) (U U)
Substituting in equations (5) and (6) the relationships:

u 9Cy
d il -}
T = Id, 'b-' = T, ; 'd_ = ¥
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- ¥ .
%’a"’:xa.:ﬁg:yd.:%g':ya
ang
20y 2rPy
o =P = Re
glves
dxg ¥ (CoRp) ,. _ -
a;w;,{*g:"i}(xa-xd) (7)
&g ¥ (Cofe) .. _ .
at —Rg(eh)(a'yd) (8)

Equations (7) and (8) are the desired equations for the two-
dimensional motion of a waterdrop in an alr stream flowing over a body.
For solution of the differential analyzer, these equations must be
arranged as follows: .

C
id=f(5:a-5:d)d ﬁ-’; -gg?d'l’

. . . ¥ c
= - d< — ~— AT
e uf Ga - ) Ry ok
X = f id_ dr
g = f 5-' d ar

Go - 5% - [ 26y - 5260 - 59
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Ga - 3002 = f 2 - Ja)ae - Jo)
(B - Ga- 297+ G- 37

? _ | a(p/u)@
5~ | 5(5/5) (Inverse integrator)
P
RP = R‘U E
% = F, (Rp) Input table
Xy = Fo(x, 7) Input table
Jo = F3 (x, 7) Input table

C
Knowledge of the magnitude of the quantities i:;? (the ratio of the
actual drag coefficlent to the drag coefficient gliven by Stokes' law) and
the veloclty components of the alr stream, ia and ja. s, ag a function of

the location of the waterdrop relative to the body, must be available for
the solution to proceed on the 4ifferential analyzer. The variation

C L
of —% was taken from table I in reference L. Plots of X, and J,,

the veloclty components of the alr stream, as functions of position
relative to the alrfoils under consideration were supplied by Ames
Asronauticel Ieboratory, Moffett Fleld, California.

Finally, having fixed V¥, the Scale Modulus (presented in reference 5),
and Ryy, the Reynolds Modulus of the drop based on free-stream veloclty,

gsolution of the equations can begin provided initlel conditions for a
trajectory are known. If 1t were possible to start the trajectory at
infinite distance forward of the airfoil, there would be no question as

to the initial conditlons because the drop would have free-stream velocity
at that distance. However, at a sufficlently large - though finite -
distance ahead of the alrfoil, the waterdrop still has essentially free-
stream velocity. It 1s then necessary merely to determins this dlstance
and start the trajectory there. (See section ESTABLTSHMENT OF INITIAL
CONDITIONS.)

As shown in figurs 3, waterdrops started at different points will
have different trajectorles. A waterdrop which has 1ts trajectory
tangent to the upper surface of the alrfoll will start at some
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posltion ¥y = Yoy when a large distance ahead of the airfoil. Another

drop at some position ¥y = Jor, when a large distance ahead of the airfolil

will have & trajectory which is tangent to the lower surface of the
airfoil. All drops located between yoU and yoL at this large dlstance

sheoad of the airfoll will have trajectorlies which intersect the airfoil
surface, that is, the drops will impinge on the surface - specifically on
that portion of the surface limited by the polnts of tangency of the tengent
trajectories. All drops outside Yoy z2y=>2 Yor, will miss the alrfoil.

As mentloned prevliously, the area of impingement of waterdrops lies
between the polnt of tangency on the upper surface and the point of
tangency on the lower surface. Distribution over this aree can be
found by determining addltionel trajectories stexrting from points inter-
medlate between Yog and Yor,s such as yOl and yog in figure 3.

The differential anslyzer also glves the drop velocltles at the
points of impingement. This information is incidental to the immedlate
purpose of this study, but is Included with the more pertinent material
in this report for possible future use.

The more importent assumptions which it has been necessary to make
in arriving at the simplified problem which a.dn;its of solution are:

(1) At e large distance ahead of the airfoil, the drops move with
Pree-stream veloclty (that is , &t the pame veloclty as the air) and
with motion parallel to the free-stream path.

(2) The flow of air around the airfoll is that of an ideal fluid
without turbulence or compressibility. (The drag of the air on the
drop is that of a fluld having viscosity.) .

(3) The drops are spherical.

(4)\No gravitational force acts on the drop.
ESTABLISHMENT OF INITIAL CONDITIONS

In the study of waterdrop trajectories, the boundary conditions are
that the waterdrops are traveling wlth free-stream veloclty 2t X = -«
(that is ; at Infinlte distance sheed of the airfoil). At finite distances
from the leading edge of the airfolil, the drops have veloclty components
and positions varylng between those given by the free stream and the
streamlines.

For Alrfoll Case I (shown at top in fig. 1) , the dlvergence of the stream-
lines 1s 0.15 percent at x = -3.05, 0.3 percent at x = -2.00, and 1.2 percent
at x = -0.95. Since the divergence 1s so small at X = -3.05 ' and even
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at X =
st x =
X =

-2;00

differential analyzer; x
approach to the airfoil leading edge (for a scale of 20 in. per chord

length on the output table).

-2.00, postulating free-stream veloclty and position for the drops
should not ¢ause great error in the trajectories.
-2.00 is too great a distance for obtaining rapid results on the
-0.95 %being gbout the maximum permissible

However,

It was determined on the analyzer that the

assumption of frese-stream values at x = -2.00, for smaell and intermediate

values of V/Ry (2-3,

0

27,

3

), gave values of y and Ja &t x

which differed from the free-stream values by less than the sxpected
precision of the analyzer, as seen in the following table:

-0.95

‘F/RU=2-3 "'lf/RU=2o */RU=23

x(= -2.0 x(= -2.0 x = -2.0

Free- _ . Free- _ Freo- o

oo |x = -0.95| pree. | 7% |y - —0.95| Difr. E(;tr::m x = -0.95| Diff.

values) values) values)
vy 0.07 0.07 o] 0.0485| 0.0486 |-0.0001| 0.015 0.015 |0
:‘:d 1.00 .9992 | .0008| 1.00 9954 L0046 1.00 .990Lk | .0096
yal © 0 0 0 .000L -.0001| © .0001 }-.0001

The deviation of X4

from the free-stream value at x =

-0.95 18 not

inappreciable but it was determined in the course of the investigation that
the results obtained on the analyzer were the same regardless of whether id
at x = -0.95 was chosen as the free-stream value or the streamline value.

Further, if choice of free-sirsam valuss at Xx

of y and jd at x

velues, then cholce of free-stream values at any x further from the
airfoil then x = -2.00 would give free-stream values of y and jd

at x = -2.00

glnce the divergence In streamlines decreases as x

becomss more negatlve and is already less than the expected precision

of the anslyzer at =x

and jd at x

-3.05.

For large values of ?/RU<26), cholce of stresmline values for ¥y
-2.00 resulted in obtalning values of y and ¥4

at x = -0.95 which differed from streamiine velues by less than the
expected precisiocn of the analyzer as shown In the following table.

-2.00 gave values
-0.95 which were still very close to free-stream
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¥/Ry = 2
(I = "2300 X = "O 95 (I = -0-95
Streamline Lo Streamline | Difference
values) (Analyzer) values)
0.002 0.002 0.002 0
.997 .9883 .9882 . 0001
. 00000 0 « 0004 - . 0004

Hence it would appear that for large values of i/BU, the initial conditlioms

should be streamline position and velocity components. However, for large
values of WfRU the positions of the drops whose trajectorles are tangent
to the upper and lower surfaces of the airfoll, respectively, are quite
close together. At x = -0.95, the distance between the two posltlons
(measured normal to the free-stream path) choosing etreamline condltions
differs by less than the expected precislion of the analyzer from the
dlstance obtained by choosing free-streem conditions.

On the basls of the above, free-stream values of drop position and
veloclty were taken as the 1nitial condltions at x = -0.95 for all
values of ¥/Ry considered.

For Airfoll Case IT (shown at center in fig. 1), because of the
effect of circulation, 1t was not possible to assume free-stream conditlions
at x = -0.95 for all cases, though the dlvergence of the streamlines was
gbout O.4 percent at X = -2.0 and about 1.4 percent at x = -0.8.
Preliminary trajectories were run from x = -0.8 +to the airfoll surface
for various values of *fRU uging free-stream c tions as the Initlal
conditions. TFor low values of ¥Ry (2°3 end 276) the choice of free-
stream conditions as inltial condltions seemed appropriate becauss the
trajectories followed the path of the free stream for about 0.6 chord
length before deviating appreciebly and the y-component of veloclty of
the drop remalned equal to the free-stream Inltial value for about the
gseme dlistance. For hlgher values of *fRU, the trajectories and y-component
of veloclty deviated from the free-stream values almost immediately,
(about 0.1 chord length), indicating that free-stream conditions were not
a suitable choice for initial conditions at x = -0.8.

For these larger values of WV/Ry, the conditions at x = -2.0 were
agsumed to be free-streem conditions, and trajectorles were run on the
enalyzer from X = -2.0 to x = -0.8 for various values of y, and
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for /By = 2°, 2 , and 28, From these trajectories, the position and
veloclity components of a drop at x = -0.8 were determined as functions
of ¥/Ry and of the position of the drop at x = -2.0. These data were
then used as the starting conditlons st x = -0.8 for the determination
of the trajectories from x = -0.8 to the points of tangency or impinge-
ment on the airfoll surface.

Examinatlon of the trajectories and y-component of velocity plots
for ¥/Ry = 20, which were run from X = -2.0 to x = -0.8 using free-

stream 1nitial conditlons, revealed that there was little deviation for
gbout 0.3 chord length, an indlcation that choice of free-stream conditions
ag Iinitial conditions at x = -2.0 was valid.

Choosing streamline condltions as inltlal comdlitions at x = -2.0
for ¥/Bg = 20 gave results which indicated that the waterdrops were
gt1ll following the streemline at x = -0.8 (X3 = 0.9854, §3 = 0.0558;
X5 = 0.9855, 74 = 0.056) and, consequently, that streamline conditions
were probably more valld then free-stresm conditlons as initial condi-
tions at x = -2.0. However for these large values of V/Ry, the "initial"
positions of the drops whose trejectories are tangent to the upper and
lowver surfaces of the airfoil, respectively, are quite close together.
At x = -2.0, the divergence of the streamlines is about 0-35 percent,
on the average, (in the reglon of the trajectories) so postulating
free-gtream veloclty and position as the initial conditions at x = -2.0
should not introduce too great an error even for the large values

of V¥/Ry. -

For Airfoil Case IV (shown at the bottom in fig. 1), the "working"
initiel condlitions, that 1s, those to be used when starting the drop
trajectories at x = -0.8, were dotermined by making preliminary zruns
from x = -2.0 to x = -0.8, (as was dons for Case II) assuming the
drops to have free-stream velocity and position et x = -2.0. From these
runs, the position and velcolty components of ths drop at x = -0.8
were determined as functions of J,, the starting position at x = -2.0.
The y-positions of the drops relatlve to one another at X = -2.0 are
the same as at X = -« under the assumption that the drops have free-
stream veloclity and position at x = -2.0. The valldlty of this
assumption for most values of /Ry was substantiated, as for Case II,
by examlnation of the trajectories for the runs from x = -2.0 %o
x = -0.8. Again, for 2-5 < Y/Ry < 2°, the trajectories followed the
free-gtream path for about 0.3 chord length before begimming to dsviate
and the y-components of the drop veloclty did not change from the free-
stream value (0) glven them initially over approximately the same distance.
For higher values of VY/Ry, the choice of streamline conditions as initial
conditions seemed more valid because the trajectorles obtained followed
the streamlines even at x = -0.8. However, for the same reasons given
for Case IL, free-stream initial condltions were assumed even at high
values of ¥/Ry. :
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RESULTS

The differentiasl-enalyzer solutions of the equations of motion of the
waterdrops were in the form of plots of the y-position of the waterdrop aes
a function of x &and the x-component and y-component of veloclty of the
waterdrop as a function of x, the dlstance ahead of the airfoll leading
edge. The ¥ versus x plots were drawn on an output table with a ecale
drawing of the particular airfoll mounted at one side of the table to
esteblish the x and y frame of reference. (See fig. 3.) In obtaining
the tengent trajectory, the analyzer was operated such that a trial
trajectory, started at some Initial y-position, y5, was drawn up to the
viclnity of the alrfoll surface. If the trajectory missed the airfoil
surface or impinged at some point short of the point of tangencey, a new
estimate of the initiael y-position of the tangent trajectory was made
and a second traJectory run on the analyzer. This trajectory was usually
close enough to the tangent one to permit interpolation (or extrapolation),
though occasionelly (in the first runs for any airfoll) one or two more
triels might be necessary to determine the tangent itrajectory satisfac-
torily. Supplementary trajectories, with inltlel Yy, values intermediate
between the values for the trajectorles tengent to the upper and lower
surfaces of the airfoll, were run to “thelr polnts of impingement on the
alrfoll to permit determination of the distribution of the impingement.

The rate of impingement of water on that portion of the surface of
& body bounded by the point of tangency (S1) on the lower surface and
the point of tangency (Sy) on the upper surface, is (per unit span):

Ma = AyoUw

= <?°U - YG@DUV (9)

where Aye (% Yog - qu> is the dlistance between the initial positions

of the upper and lower tangent trajectories, U 1s the free-stream velo-
city, end w 1is the liquld water content of the cloud.

Equation (9) may be rewritten in terms of an efficiency of water
catch, By, and the maximum catch based on the maximum thickness of the

airfoil (that is, the catch of the airfoil when the waterdrop trajectories
are along the free-stream path), then

My = UwBy (Maximum thickness) (10)

and
_ y°U yQL
" Meximum thickness

By (11)



NACA RM No. 9A05 13

For the intermediate trajectories (ses fig. 3), the rate of impinge-
ment of water on that portlion of the surface of the body bounded by the
point of tengency (S;) on the lower surface and the point of impingement
of the intermediate trajectory (1) is

MAl = UwE (Maximm thickness) (12)
whers
Yo - Yo
E = By ——
yQU - J og,

yol being the initial position of 'L'_.he intermediate trajectory.

From equations (10) and (12)

These equations are the defining equations for the quantities (EM, E/Em)
which are plotted as functions of Ry and ¥ and which, with the plots
of sy and sy, versus Ry, ¥y, permit the computation of the rate and

distribution of impingement of waterdrops on a partlcular airfoll, glven
the necessery data to calculate BU and V.

Tebles I, IT, and ITT are summsrles of the data obtained using the
differential anslyzer for Airfoll Case I, Airfoil Case II, and Airfoll
Case IV, respectively. The values of X3 and Jg are the drop
velocitlies at the points of Impingement or tangency. This information
1s incidental to the immedlate purpose of thils study, but 1s included
wlth the more pertinent materlal because of the possible need for it at
some future tlme. These values of X3 and Jyg are reliable except at
high values of \lv'/RU when the veloclty components of the drop change
raeplidly near the nose of the airfoil.

Figures 4, 9, aend 18 are plots of Ey, the total percentage catch
versus the Scale Modulus, v, wlth the Reynolds Modulus, Ry, as paremeter,
for Airfoil Cases I, II, and IV, respectively. At low values of ¥, the
curves of constant Ry approach a value of Ey which is the maximum
attainable for the particular airfoll case. Thie maximum value of Fy is

equal to the ratio of the projected frontal thickmess of the alrfoil to

the maximum thickness of the airfoil (15 percent chord in each Airfoil
Case). The values of Yo upon vwhich the Ky values are based are
estimated to be good to 0.0001, as far as the precision of the differential
anslyzer is concerned. Since Ey 1s essentially the difference between
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two values of Yo, at worst ths error is about 0.0002. For values of
By = 100 percent, the percentage error is about 0.2 percent but for
values of EM £ 10 percent and lower, the percentage srror is 2 percent
and higher. Hence, at very high values of /Ry (¥/Ru = 20) when there
m2y be some Question of the validlity of free-stream conditions as
initiel conditions at x = -2.0, the precision of the differential
analyzer 18 such that even if the correct initial conditions had been
used, the percentage error would etlll have been at least 2 percent or
hilghex. '

The preclslion of the trajectories could be increased by enlarging
the scale, but then consideration must be made of the rumning time for
each trajectory on the differentliasl analyzer. The questlon of the scale
necessaYy to give the desired precision while not causing the running
time per trajectory to be excessive is one which 1s posed whether the
integration be performed numerlically or on any kind of computer.

Figure 5 18 a plot of Sy, the distance along the upper airfoll
surface to the point of tangency of the tangent trajectory (that is,
the furthest point of impingement on the upper surface of the airfoil},
as a function of ¥ with Ry as paramster for Case I. Sy, the
distance along the lower alrfoll surface to the point of tangency of
the tangent trajectory (that is, the furthest point of impingement
on the lower surface of the alrfoll), is equal in magnitude to Sy
because the airfoil is symmetrical and at a = 0%, for Case I. All
curves of constant Ry approach the value Sy(= Sy) = 0.283, the point
on the surface at which the alrfoil has its meximum thickness, es ¥
decreases (waterdrops increase in diemeter). For Case I, there can
be no implngement boyond this point on elther surface.

Figures 10 and 11 are plots of Sy and Sy versus ¥ and Ry for
Case II. The maximum value of Sy is now 0-241 and that for
1s 0.321. These values correspond to the case when V/Ry = O (that is,
when there is no deflection of the drop by the streamlines).

-

Figures 19 and 20 are similar plots for Case IV. The maximum value
of Sy 1s 0.325 and that for Sy, 1is 0.220. As before, these values
corregpond to the case when there 1s no deflectlon of the drop by the
streamlines (¥/Ry = 0).

The data plotted in figures 5, 10, 11, 19, and 20 were cbtalned by

scaling off the distances to the points of tangency on the output plots

of the differentlal analyzer. The location of the exact point of tangency
was not accurately determinable bescause of the thickness of the ink-line
repregenting the trajectory and because of the large radius of curvature
of both the trajectory and also of the airfoll surface when the trajectory
is tangent in the region aft of the nose of the airfoll. The precision

of location of the points of tangency ls estimated to be such as to glve
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a "meximum error" of sbout #0.002 (in terms of chord) at the lower ends of
the curves, 0.005 (in terms of chord) at the center, and +0.015 (in terms
of chord) at the upper ends of the curves. This maximum error is not a
measure of any inherent error ln the analyzer trajectory, but is only a
measure of the indeterminacy of the location of the polnt tangency. The
lowest and highest estimations of the location of this point were used

in determining the magnitude of the maximum error amd it is probable

that the actual error was much less than the maximum.

Figures, 6 and 7, 12 to 1%, and 21 to 23 are plots of E/Ey versus s,
the distance along the airfoll surface (in terms of chord length) for
various velues of ¥/Ry with Ry as paramester, for Case I, Case II, and
. Cage IV, Irespectively. The quantity E/Eq is the ratio of the percentage
catch between the polnt of tangeney on the lower surface and any point
of impingement on the airfoil to the total percentage catch between the
point of tangency on the lower surface and point of tangency on the upper
surface. .

Figures 8, 15 to 17, and 24 to 26 are replots of the data of the
preceding paragraph, ‘V/RU now belng the variable parameter and Ry being
the fixed parameter. In the former figures, variastion of Ry with ¥/Ry
constant did not affect the distribution greatly (except at high values
of V¥/Ry) but variation of ¥/Ry with Ry constant changes the distri-
bution greatly for all values of Ry, as shown in these latter figures.
The dashed curve for ¥/Ry = 2 °(¥/Ry = O) drawn in figures 15 to 17 and
24 to 26 is based on computed values and is a limiting distribution which
is obtained when the drops are not deflected by the streamlines (that is ’
when the drops are very large). This dashed curve 18 not drawn in
figure 8 because it almost coincides with the curve drawn for V¥/Ry = 2'6.

DISCUSSION OF RESULTS

As can be seen from reference 5, the total percentage catch, Ey,
the area of Impingement per foot of span, Sy - Sy, and the distribution of
impingement, E/Ey, are functions of V¥, the Scale Modulus, and Ry, the
Reynolds Mcdulus. The range of V¥ and Ry used in these studies
encompasses most combinations of the followlng rangs of variables:

Yariable Maximum value Minimum value
2r 100 20 microns
U 400 100 mph
7 (sea level (20,000 £t)
a 2.378 x 10'§ 1.267 x 1073 1b sec?/sth
i 3.75 x 077 3.4 x 10-7 1b sec/ft2
o 30.0 0.25 £+

Yq 1.9% 1.94 1b sec?/pih
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Figures 4, 9, end 18, which are plots of Fy versus ¥ with Ry as
parameter for Case I, Case II, and Case IV, respectively, show that Ey,
based on the maximum thickness of the airfoll, becomes greater than
100 percent when the projected frontal thickness.of the alrfoll hecomes
greater than the maximum thickness of the alrfoil, as 1t does for Case II
end Case IV. The shape of the curves of constant Ry 1s the same, in
general, but the glopes tend to differ at the upper and lower ends. The
five values of the parsmeter Ry for Case I bracket the four wvalues for
Case II and Case IV. The reduction in number of wvalues was desirable
because the number of runs was correspondingly reduced whilé the range
of varilables was still encaompassed, for the most part. In order to bs
able to compere figure 4 directly with figures 9 and 18, the dashed lines
for the intermediate values of Ry were obtained by Interpolatiom.

Comparison of figure 5 with flgures 10 and 11 shows that at an anglse
of attack of 20, the symmetrical 15-percent-thick Joukowskl alrfoil
exhibits polnts of tangency of the tangent trajectories which are closer
to the leading edge on the upper surface and further from the leading
edge on the lower surface than for the same airfoll at angle of attack
of 0°, as was to be expected. Also, comparison of the dilstribution
curves in figures 6 to 8 with those shown in figures 12 to 18 shows that
the curves in the latter are not symmetrical about the point 8 = 0 and,
consequently, that soms 60 to 80 percent of the total catch impinges on
the lower surface of the alrfoil instead of the catch being distributed
evenly between upper and lower surfaces.

Inspection of the distribution curves for Case IV (figs. 21 to 23
or figs. 24 to 26) shows that from 50 to 60 percent of the total catch
impinges on the upper surface of the cambered alrfoll except when the
drops are small and the velocity (Ry) very high. In this instance, ebout
60 percent of the catch 1s on the lower surface of the cambered airfoll.

In general, the distribution curves for all three airfoll cases
show that for a given value of ¥/Ry the effect of varying Ry 1s not
too great but that for a given value of Ry the effect of varyling *fRU
is guite great, that is, drop slze 18 relatively more important than
veloclty in determining the distrxibution of catch.

Figures 27 to 29 show comparisons of the rate of water impingement
for the respective alrfoils to the rate of water implngement on two
cylinders; one with a diameter equal to twice the radius of the leading
edge of the alrfoll, the other with a dlameter equal to the maximum
thickness of the airfoil (15 percent chord). The comparisons are made
for a low and & high vaelue of Ry. At high values of V¥ the former
comparison is somewhat better, whereas at low values of V¥, the latter
comparison is much better. This was to be expected because large
waterdrops (Vv low) are not deflected greatly by the alr flow and the
catch per foot spen is dependent only on the proJected frontal thickneas
which 18 the same in the latter lnstance previocusly mentloned.
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CONCLUSIONS

1. The rates of water impingement on the three airfoll cases studied
cannot be determined satisfactorily by assuming these rates to be equal
to the rates of water impingement on cylinders except for limited ranges
of ¥, the Scale Modunlus. However, they can be determined within %25 percent
for values of V¥ between 1 and sbout 100 or 10,000 (depending upon
the velue of Ry) » by assuming the rates to be equal to the rates of water
impingement on a cylinder whose radlus 1s equal to the maximum thickness
of the airfoil.

2. With respect to dlstributlon, the effect of drop size 1ls greater
than the effect of velocity.

3. Increase of angle of attack of a symmetrlcael 15-percent-thick,
Joukowski airfoil from o = 0° to o = 29, or change from a symmetrical
15-percent-thick, Joukowski, to a cambered, a = 1l mean line, l5-percent-
thick, Joukowskl alrfoll, does not change the rate of water lmplngement
groatly (especially at low V¥ and high Ry) but does change the area
of impingement and the dlstribution of impingement to & greater extent.

Department of Englneering
University of Californies
Los Angeles 24, Calif., October 5, 1948
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TABLE I

WATERIROP TRAJECTORY VALUES OBTATNED FROM DIFFERENTIAL ANALYZER FOR JOUKDWSEL ATRFOIL,

__ Snmetrloal = __35¥Thick =0 __g=0°

Fo - ¥ - 3
sy |2 To T B (Toy - Te)eos
Date Bm No.i ¢ | By Yo Burface s =] e Fo = Toy, i;( Yoy = Yor, ino Max Thickness
a/27/i8| 1132 | 22 | 2T | o.o7h | Upper* | 0.265 | 1.0 0 048 10 - 0.987
L/o7/88] 1-1-3-1 | 21 | 27 |-0.07k | Lower* [-0.265 | 1.0 0 o 0
x/oo/u8] 1-1-k-2 | 23 | 29 | 0.0tk | Urper* | 0.213 | 0.997) 0.00% | 0.148 1.0 0.987
h/oa/a8| 1-1-h-2 | 23 | 29 {-0.07h | Lover* |-0.273 | 0.947|-0.008} o o
Wfea/u8} 1-2-5-3 | 25 | 233 | 0.072 | Upper® | 0.262 | 0.997| 0.003 | O.Ikk 1.0 0.560
&/22/58} 1-1-5-3 | 2% | 23| -0.072 | Lower* |-0.262 |- 0.997 | -0.013 [} 0
hf27/8) 1-2-2-1 | 2= [ 27 | 0.073 | Urper* | 0273 | 1.0 0.022 | 0.2k6 1.0 0.973
Me7/u8 | 1-2-2-1 | 22 | 25 |-0.073 | Lower* [-0.273 | 1.0 | -0.012 [ [
kf22/48 | 1-2-3-1 2% | 2T | 0.070 | Upper* | 0.28k | 1.005| 0.023 | 0.1%0 1.0 ©.933
kfz2/u811-2-3-12 o5 | 2T 0.0ks | Upper 0.068 | 0.99 0.013 | 0.113 0.8eL
njeafu8 | 1-2-3-11 2% | 27 | 0.020 | Upper | 0021 | 0.98 | 0.009 | 0090 0.6%3
k/22/48 | 1-2-3-11| 2* | 2T |-0.020 | Dower |-0.021 | 0.982 | -0.009 | 0.050 0437
wf22/x8 | 1-2-3-12| o* | 27 |-0.045 | Lower [-0.068| 0.99 [-0.013 | 0.02% 0.178
b /22/%8 | 1-2-3-1 & | o7 |-0.070 | Lower* |-0.284 | 1.005 | -0.023 [ [}
3f23/48 | 1-2-k-2 | € | 29 | 0.0655| Ugper* | 0.225 | 1.008| 0.0%3 | 032 1.0 0.873
%/23/4B | 1-2-%-2 | 26 | 29 |-0.0655] Lowar* | -0.225 | 1.00k | -0.043 0 0
kf23/u8 | 1-2-5-2 | 28 [ 2% | 0.058 | Upper# | 0.288 | 1.007| 0.092 | 0.126 1.0 073
=
kfe3/u8 | 1-2-5-22| 28 | 212 | o.olo | Tpper | 0.058| o.o49| 0.069 | 0.098 0.845
h/23/48 | 1-2-5-21) 28 | 22 | 0.020 | Upper | 0023 | 0.931 | 0.029 | 0.078 0.672
x/e3fu8 | 1-25-21]| 28 | 222 | 0.020 | zower |-0.023 | 0.931| -0.029 | 0.038 0.328
R
k/23/u8 | 1-2-5-22| 28 | 222 | -0.0%0 | Tower {-0.058 | o.otg| -0.069 | c.18 0.155
M23pe f1om2 | 28 [ 212 1 0058 | rower® | 0188 1.007{ 002 | © °
TR
&/27/48 [ 1-3-1-3 | 23 [ 23 | 0.059 | Upper* | 0.197 | 0.99% | 0.078 | 0.118 1.0 0-787
-
y/o7/48 | 1-3-1-3 | 23 |} 23 |-0.059 | Lower* |-0.197 | 0.9k | -0.078 [ 0
4/26/48 [1-3-2-3 | 2> [2° | 0.056 | Uyper* | 0.285 | 0.992| 0.089 [ o.112 1.0 0.7%7
hfo6/u8 |1-3-2-3 | B |25 | -0.056 | Tover® | 0.185 | 0.952| -0.089 ) °
hoi:
5/3/88 |1-3-3-3 { o |27 | 0.0n85) Upper* | 0250 | 0.989 | ©.14g | 0.007 1.0 0.607
s/3/k8 |1-3-3-3 | T [ 27 |-0.0%85| zover® |-0.130 | 0.98 | 0.9 | o o
2f26/48 |1-3-5-2 |27 | 2% | 0.038 | Tpper® | 0208 | o.9kx| 0225 | 0.078 1.0 50T
k/o6/48 |1-3-5-2 |29 |29 |-0.038 | Lower* [-0.108 | 0.9%1 | -0.225 o [}
h/26/48 |1-3-5-2 |21 212 | 0.025 | Upper* | 0.072 | 0.856| 0.3k9 | 0.0%0 1.0 0333
W/26/48 {1-3-5-2 |21 |21t |-0.025 | Lower® [-0.072 | 0.856 | -0.349 o 0

®Fangent Trejectory.
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TABLE I - Conoluded

NACA RM No, GAOS

WATERTROF TRAJECTCRY VALUES CRTAINED FROM DIFFESENTIAL ANALYZER FOR JOOKOWSKY AIRYOIL,

. % y - IQL (rqu - ’°L) oos @
pate | Rm Xo. Burt - E_ "o -
m¥o. | ¢ | Rg| 7o sco| za W |TomTor gt ?ix: Wax. Thiciness
b B A
)
oo/l 2h1-3 | | 23| 0.0295) vppere | 0.078} 0.870) 0.321]c.0500 1.0 6.3%0
Merfu8]1hreze| B | 25| 0.008 L upper | 0.031] 0.693| 6.192]0.083 0.853
woiful1-i-1-i P | 23| 0.008 | wpper | 0.010| 0.698| 6.061{0.03 0.657
s/aAp8 | 1-ke1-21 | D | 2B [-0.008.|Lower | -0.010]0.698) -0.061) 0.0275 ©.343
wfe1fu8 | 1-k-1e22 |F | 3 |-0.008 [Tower |-0.032{0.693}-0.1920.0073 0.2%7
” -
4f30/48 |1-he1-3 [ | 23 [-0.0055 [1owers |-0.078]0.870}-0.321] o o
5/3/88 |1-h-2-1 |28 | 5 | 0.0ex |uUpper* | 0.07310.88] o0.39|0.0k2 1.0 0.28
538 |1-k2-1 |28 | 5 |-0.001 |1owert | 0.01300.88) -0.339] o o
h/z1/u8 | 1-h-3-3 [ 210 | 2T | 0.0145 | pper* | 0.050 [0.681] ©.476 | 0.0250 1.0 0.193
kf21/u8 | 1-4-3-32 [ 210 | 27 | 0.0200 {Upper | 0.020 |0.572] 0.1980.0245 0.8
hfeL/i8 | 1-5-3-31 |20 | 27 | 0.0050 {Upper | 0.009{0.563| 0.109|c.0195 0.672
4/21 /48 | 1-b-3-31 210 | 2T {-0.0050 |Lower .} -0.009 0.563 | ~0.109 | 0.0095 0.328
4/22/48 | 1-4-3-32 | 210 | 2T |-0.0100 | Lower |[-0.020 |0.572 | -0.298 | 0.0083 0255
k/21/48 {1-4-3~-3 | 220 | 27 |-0.0145 |Lower® [-0.050 j068L|-04T6| O o
THa
%/30/48 J1-4-3-3 210 | 2T | 0.0150 r* | 0.052 |0.Thl] 0.451 | 6.030 1.0 ©.200
~ EBg .
h/30/48 12-4-3-3 [220 | o7 J-0.0150 |Lower* | -0.05210.TH2]|-0M51]| O [
™=
-3 0 | o7 | 0.0165 |Opper* | —seoe | cooon b —memm 0.0330 1.0. .
s/s/8 fi-b-d-e |0 | o7 | 00163 |Uwwery | oo gl Bl < 0 0.220
%/27/48 [1-4-k-3 |22 | 2% | 0.0120 [Upper* | 0.038 j0.584 [ o.52 (0022 - 1.0 0.1%7
4 /o7/h8 |1-3-8-3 {212 | 5 |-0.0110. |Lower* |-0.038]0.584 | -0.452| © 0
R 9 | 0.0090 [Upper* | --=m= | ememe | aeee- 0.0180 1.0
Bl 22 |2 —0.0090 | Lower® | =-ev= | meemm | —ce-- o ° 0120
k/e7/48 |1-k-5-2 |24 | 23] 0.0040 | Upper* | 0.022 {0.329| 0.469 [0.0080 1.0 0.053
2fo7/e8 j1-k-5-2 |24 | 211100040 |Lower® |-0.022 ]0.329)-0.68| © )
4f26/48 [1-5-1-6 |22 [ 23 | 0.0040 |{Upper® | 0.02% [0.330 | 0.466 | 0.008 1.0 0.033
afeEMB {1-5-1-6 {29 | 23 |-0.0080 [Lower* |-0.029 |O.h30|~0.8661 O 0
i
5/5/u8 |1-5-1-3 |2F 23 | 0.0035 |Upper* | 0.023|0.335 | o.52% | 0.0070 1.0 . 0 .07
TH
sism8 1-5-1-3 | | 23 |-0.0035 [Lower® |-0.023 [o.ms]-es1u | o o
4/26/48 {1-5-3-1 [t | 27 | 0.0025 [Upper® | 0.025 [0402 [ 0.851 [0.0050 1.0 0.053
/2648 |1-5-3-1 |23 | o7 |-0.0025 {Tower* | -0.025 jo.kor |-0.451]| © o
JLi:) 1-@3-2 213 | 2T | 0.0020 |Uppex* | ©.015 |0.251 | 0401 |0.00L0 . . 1.0 0.027
558 {1-B-3-2 [ot3 { o7 |-0.0020 {Lower* |-0.005 [0.252|-0k0L]| o o
) 9 | 0.0005 |Upper® | 0.016 |0.187 | 0.459 |0.0010 10 :
sfsp8 |15-be1 |20 127 f G | rere | 02016 lo187 [-0459 | o o. o001

.‘!maant Trejeotory.

NACA,
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TAELE TT

WATERDROP TRAJECTORY VALUZS CGBTATIAED FROM DIFFERBNTTAL ANALYZER FOR JOUGEOWSKI ATHFOIL,

___ Symostrical 1% Thick a =20
teto |5 (rep - Te)ome

Date Rn Xo. | ¥ Bg Yo Surface| s g . 7 % -To B Fog ~ o | 100 e T
6/23/48 | 2-1-3-2r | 22 | 28 |-0.0046} vpper* | 0.236| 1.0017 0.0M1| o0.1500 1.000 1,001
6/2348 [2-1-3-2x | 22 | 28 )-0.158| 1overs | —0.316] 0.998| 0.035] o0.0000 0.000
6/2w /48 | 2-1-k-20 | 2% [ 220 |_0.0055| vpper* | o0.223| 1.003| c.omn| o.1m8M 1.000 0.989
6/2k /8 | 2-1-d-zr. | 2t | 210 |_0.1539| Lowers | -0.310) 0.998] 0.030} o0.0000 0.000
6/ek/u8 [2-2-1-30 [ 2t [ 2% [-0.0081] Upper+ | 0.226| 2.009| 0.083| 0.z 1.000 0.96T
6/ohf38 [2-p-1-3n | 2 | 2% |-0.1933] rover* | -0.311| 0.997| 0.ce7| 0.0000 _ 0,000
6/ 8 | 2-2-2-307 | 23 | 2° |-0.0095| Upper* | o0.212| 1.011 0.062| o.ua3T 1.000 0.957
6/ohn8 | 2-2+.2-1p | 23 | 26 |-0.0382 | vpper | o0.0k3| 0.983] 0.05h | o0.1156 0.805
6/apm8 ja-e-2-20 | 23 | 26 |-0.0667) vpper | o0.008| o0.08%] 0.0k | 0.0870 0.605
6/2h/w8 |2-2-2-3 |23 | 25 |-0.0956| ower |-0.006] o.9m] 0.039| o.0%82 0.%03
6/n/x8 |z-a-2-p | 23 | 26 |-0.1243| Tower | -0.082| 0.972| 0.033| o.029k 0.205
6/on /8 |2-2-2-21 |23 § o6 |-0.1532 | rovers | -0.308| 0.997] 0.c02 | 0.0000 0.000
6/e3/s8 2-2-3-10 | 29 | 2% |-o.o0n0]{ vpper* | 0.206} 1.ca3] 0,083} 0.1368 1,000 0.911
6258 |2-2-3-10 |23 | 28 |.o.0k10| Upper | o.0kz| o.980) 0.086 | 0.1008 0.802
6/25h8 |2-2-3-2p | 23 | 2° [.0.0883 | vpger | o0.003| o.969| c.0%2 | o.0829 0.602
6/a5n8 |22-3-3 |25 | &8 |-0.0998| Tover | -0.026| o0.570} 0.038 | o.0850 0.h02
6/25/8 [2-2-3-x0 {25 | o8 |-0.1232 | zower | -0.078( 0.973] .02k | 0.0278 0.202
6f2s/u8 [2-2-3-21 |25 | 28 [.0.1508] rower* | -0.205]| 0.995| 0.c13{ o.0000 0.000
6/28/48 |2-2-k-25 | 27 | 210 }-0.ce1k | Upper* | ©.368) 1.021{ 0.326) o.1zmh 1.000 0.549
6/28/08 | 2-2-k-1p | 2T | 210 |-0.0k6k | Upper 0.03k | 0.9%8] 0.100 | o0.1002 0.802
6/28/48 |e-2-k-2p | 27 | 210 ]-0.0721{ Upper 0.002 | o0.5%1| 0.063 | o.076T 0.601
6/28/%8 |2-2-k-3p | 2T | 220 -0,0977| Lower | -0.027| 0.939) 0.032 | 0.0m11 0.50L
6/28/48 |2-2-k-4p | 2T | 230 |-0.1232 | Lower | -0.0m9| 0.5955| 0.00k | o.0257 0.202
6/28/8 {2-2-k-3 | 2T | 210 |-0.1488| Tower* | -0.265]| 0.992(-0.008 | 0.0000 0.000
6/28/m8 [2-3-1-2q |24 | 2% [-o.ok33| opper* | o.1kg| 1.c20f 0.260 [ 0.2263 1.000 07T
688 |2-3-1-30 | 2* | &  [-0.1%98 ] Lower+ [ -0.245] 0.98%]-0.023 | a.0000 0.000
6/28/\8 |e-3-2-30 |28 | 28 [-0.0k93) vpper* | 0.228] 1.012] 0.202| 0.1065 1.000 0.710
6/28/48 [e-3-2-1p |26 | 25 |-0.0703 | Upper 0.027{ 0.908| 0.1%0 | 0.0853 0.800 .
6/28/u8 |2-3-2-2p |25 | 25 |-0.0902| Lower | -0.001| 0.881] 0.083 | 0.0638 0.596
6288 {2-3-23 |26 | 26 |-0.2130] rower | -0.0e7| 0.881] 0.033 | 0.0k28 0402
6/28/x8 |2-3-2-3p |26 | 2 |-0.13%5 | Tower |-0.0m| o0.921|-0.ca3 | 0.0213 0.200
6/28/48 |2-3-2-3 {26 | 26 [-0.1958 | rower® | -0.25| 0.983{-0.0% | 0.0000 0.000
6298 |2-3-3-30 |28 | 28 [-0.0587 | upper* | 0.200| 0.999| 0.283 | 0.c888 1.000 0.552
6298 |2-3310 |28 | 28 |-0.0763| Upper [ “o.002| 0.8%2| 0.189 | 0.0m2 0.801
6/e9/8 |2-3v3-20 | 2B | B |-0.00k0|Lower |-0.002| 0.827] 0.203 | 0.0835 0.603
6/29p8 |33 | B |28 [-0.111B|zover |-0.003| 0.815] 0.c15 | o.0357 0.h02
6298 |23-3-%p |28 | 28 |.0.1298 [ Lower |-0.088| 0.863]-0.0%0 [ c.a177 0.159
698 |e-3-3-20 |28 | B [-0.2%73 | Lower® | -0.277] 0.963]-0.105 | 0.0000 0.000
“tangent Trajectary.
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22
TABLE II — Concluded
WATERDROP TRAJECTORY VALUES CBTAINED FROM DITFERENTIAL ANALYZER FOR JOUKOWSKT AIRFOTL,
gymmetrical ______l.?‘ﬂuck _a=2® e —
: . X To- Yo |E (roﬁ- !oL)cosa.
. wrfaca I - —_—- M .
Date Fun No. | ¥ | By Yo B s d Ta {Ta - To | g Tog = Yoy | 100 Yox . Thisimons
6/30/48 | 2-3-4-2y ) 210} 210 | -0.07h3| Upper*| 0.063) 0.91%) 0.424| 0.0617 1.000 0.411
6/30/48 | 2-3-4-21, [ 220| 210 {.0.1360 | ILower®| -0.118]0.902 | -0.195| 0.0000 0,000
6/30/48! e-k-1-307| 27 | 2% |[-0.0955| Upper#| o0.055}0.881| o.k12{ 0.04T5 1.000 0.317
67308 | 2-k-1-1p | 2T | 2% [-0.1065| Uyper | 0.009|0.758| o0.250] 0.0365 0.768
6/30/18 | 24-1-2p{ 27 [ 2% |-0.1160( Lower | -0.00% | 0.637| 0.113| 0.0270 0.569
67308 24-1-3p | 27 | 2% }-0.1250| Lower | -0.027]o0.642 | -0.006| 0.0180 0.379
6/30/u8 | 2-4-1-4p | 27 2% 1.0.1335 |, Tower | -0.036 |0.685 | -0.109| 0.0093 0.200
6/30/48 | 2-%-1-4x | 27 | 2% |-0.1430| Lowers | -0.098 | 0.85h | -0.246| 0.0000 0.000
1/i/u8 |e42ov|e® [ 2° |-0.2009| uUpper#| 0.038 [0.767| 0.528] 0.0377 1.000 0,251
18 Jou2-15 |29 | 26 |-0.1080} Upper | 0.009 | 0.553 | 0.303} 0.0257 0.802
TAMS | 2-k-2-2p |29 | 26 |-0.1355 | rower | -0.00k |0.52| 0.132| w0232 0.603
78 | 2-y-2-35 |29 | 25 |-0.1230 | 1ower | -0.005 }0.535 |-0.011| 0.01%2 0.403
7/18 |2-h-2-up (29 |26 [-0.1310| Lower | -0.03k j0.611 |-0.23%| 0.0072 0.191
7//u8 | 2-4-o-21, |29 [26 |-0.1382 | 1ower | 0.079 |0.823 | 0.300] 0.0000 0,000
TAMm8 | 2-k-3-30 211 | 28 [-0.1085 | Upper+| o.c2u |0.562 | 0.612] 0.02k0 1.000 0.160
Thfs |2-h-3-1p 21|28 j-o.1330| vpper | o.cok |0.304 | 0.255| 0.c195 0.813
7AMm8 |2-k-3-ep (211 |28 |-0.11B2 | Lower |-0.005]0.379 | 0.118] 0.0143 0.596
7/1/u8 | 2-h-3-3 [211 {28 |.0.1228 | rower [-o.om [0.377 [-0.062 | 0.0097 0404
1048 l2-h-3-kp 21228 |-0.1275 | 1ower |-0.029 |0.498 |-0.186 | 0.0050 0.208
7/ip8 | 2-b-3-it, |22 ] 28 [-0.1325 | Lower* | -0.055 [0.688 | -0.356 | 0.0000 0.000
7/2/8 |2-4-k-30 [213 [ 210 |-0.1165 | uUpper* | 0.010 |0.210 [ 0.31k | 0.0110 1.000 0.073
7/2/8 |2-a-4-1p [213]210 |-0.1190 | vpper | 0.000 {0.357 | 0.230 0.0085 Q.TT2
7/2/48 |2-k-k-2p |213|210 [-0.1218 | Lower |-0.00% [0.300| 0.1300.0057 0.73
7/2/58 | 2-k-4-3p | 213|210 [-0.1250 | Lowsr |-0.012 |0.273 | -0.072 | 0.0025 0.227
7/e/m8 | 2-h-h-3r, |213 {210 |-0.1275 | Lower+ | -0.033 |0.4k4 | -0.399 | 0.0000 0.000
7/6/48 |2-5-1-57 [210| 2% |-0.1232 | Upper* | 0.008 |0.186 | 0.620 | 0.0030 1.000 0.020
7/6/8 |o-s-1-51 |20 ] 2% |-0.1262 | Lower¥ | -0.015 |0.100 | -0.243 | 0.0000 0.000
77148 |25-2-30 212 |26 |.0.1243 | Upper* | 0.003 [0.090 | 0.k3k | 0.0035 1.600 0.023
78 |eso-3r [222 |26 | 0.1278 | 1ower* | 0.015 |0.286 | -0.235 | 6.0000 "0.000
T/1/48 |2-5-3-lm [234 |28 |-0.1254 | Upper+ |-0.002 [0.203 | 0.506 [0.0021 1.00Q ©0.01k
T/ |2-33-kn |24 (28 |-0.1275 | mower |-0.014 [0.173 |-0.295 | 0.0000 0.000

"Pangunt Trajectory.



k]

NACA RM No, 9AO5
TAELE TIT
WVATEETROP TRAJEOTORY YALUES CEPATNED FBOM DIFFERENTTAL AMALYZER FOR JOUIDWSEL ATRFOIL,
_Couhored g =] Moso Line 1€ Thick o= g0
. . .%o -% Jog ~ Yor }cos o
Date Bm Xo. | ¥ | By EA Burface [} £ Ya Yo = Yoy, E H &'Lﬂn_gr. =

7/12/%8 | k-1-3-307 | 2R 28 | 0.0925 | voper*| 0.7 |1.003| 00T | 0.amo 21000 1.000
T/12/%8 | h-1=3-2% | R | 28 [-0.0565 | Lowsr® | -0.216 }0.998]| -0.002 | 0.0000 0.000
7/12/%8 | k=1-k-gU| 2% | 20| 0.0915 | Dpper* | 0.310 [21.008| 0.013 | 0.14& 1.000 04987
T/12/48 | k=1-k-2L | 24| 230|-0.0565 | Lower® |-0.213]0.595 | -0.006 | 0.000C 04000
7/12/%8 | k2-1-47| 21| 2% | 0.0855 | Upper®| 0.305[2.009| 0022 | 0.1%55 1.000 G970
7/12/48 | h-2~1-5z, | 22| 2% |-0.0600 | Tower®|-0.215 | 0.95% | 0001 | 00000 0.000
7/12/48 | v22-30] 23| 25 | 0.088 | Typer® | 0.29k | 1.012| 003 | 0.8 1.000 0.2
7/12/58 | hp2-1p | 23] 26 | 0.0536 | Upper | 0.056|0.95e2| 002 | 6.1186 0.8
T/12/%8 { 322D | 23 26 | 0.0e53 | Upper | 0.038|0.988{ o0.0m0 000863 0.50%
7/32/%8 | h-2-3D| 23| 26 |-0.0038 | Upper | 0002|098 | 01 | co5p2 001
7/12/48 | ke-p-kp | €3} 25 |-0.0318 | Lover |-0.033|0.9% ] 0.003 | v.ese 0.20%
7/12/%8 | k227 | 23} 26 |-0.0610 | Lower* | -0.212 | 0.999 | ©0.008 | 0.0000 0.000
7/13/%8 | ye~3-20 | 23 28 | 00775 | rper*| oc.e7s| 2022 0% | casTs 1.000 057
T/23/48 [ k-2~3-1D | 25 28 | 0.0%03 | Upper | 0052 |0.98 ) owke | o.1103 0.802
7/23/48 | s-2-3-av | 25| 28 | 00225 | Tgper | ©.03%[0.976] 0w0m | 0.0%5 04500
7/13/48 | x-2-3-30 | 25| 28 -0.00ks| Upper | 0.001|o0.972| 0w1T | 0053 0,40l
7/13/48 | 4-2-3-kp | 25| 28 |-0.0325| Lower |-04033{0.973| 0w | 0.007S 0.200
7/13/46 | 12-3-z5 | 25| 28 [-0.0600 | Tower*|-0.185]0.950 | 0016 | 00000 0.000
T/13/%8 | ho-kU| 2T} 2101 0066} Tiper*| o2k3| 1.033] owso | ©.RkS 1000 0.8%
T/13/%8 | k~2-3-3D | 27| 210| o.0he0 | Uoper | 0.077] 0976] cw15 | 0.003 0.87
7/13/48 | he-h2n | 27| 20| 0360 | Trper | 00| 0954 | c.0m | ow0TMS 0558
7/13/%8 | k-2-k-3p | 27 [ 210|-0.0085 | Tpper | 0.000|0.9%3| o0.02% | c.em0 0.2
T/13/48 | k=p-k-iD | 2T | 230 |-0.0335 | Tower |-~0.032|0.9k6| -0.006 | 0.02% 0.201
T/13/%8 | b-2-k-eL | 2T | 230 |-0.0585 | Lower* | -0.183| 0.98 | <0.036 | 0.0000 04000
T/16/48 | ke3-2-%0| 2*| 2* | 0.037T| Upper®] o.e31| 1.028] 028 [ 0. 1.000 0.765
T/2h /48| h~3-1-35 | 2% | 2* [ 0070 | Tower®| -0.1%{ 0.578| .0k | 0.0000 0,000
T/1k/48 | k~3-2-20 26} 26 0.0312 | Tpper®| 0.5} 2.038] 0.168 | 0.10h3 1000 0665
7/1h/58 | k=323 | 26) 26 | 0.0100 | Tpper | 0.06L} 0.936| 0am | o.w8m 09T
T/1x/%8 | 3220 [ 26! 26 |0.0210 | vpper | c.02e| 0.898] 0.w095 | 0weer 0555
T/3kf48 | k-3-2-3D | 26| 2€ |-0.0m3 | Tower [-0.003|0.8| o.oM8 | o.0Ms 0.399
T/10/%8 | 4=3-2-%D | 6| 26 |-0.0%5 | Tower | -0.0m| 0.8 0007 | 0.c208 0.198
T/h/a8 | w3225 |25} 26 |0.0731 | Tower*|-0.197| 0.572} 0073 | G000 04000
T/13/%8 | k=3~321 [28] 28 | 0.028 Tpper* | 0.258| 1.038| 0.238 | c.0860 14000 0573
1/15/48 | %~3-3-10 | 28] 28 | 0.0010 | Typer | 0.0%]0.83| c.188 | 0.080 0.802
7/15/%8 | h-3-3-2D |28 |28 |0.0165 | Upper | 0.018|0.8%9| 0.27 | 0.0ms 0.599
7/15/48 |k~3-3-3D [25 |28 10.03%0 | Zower |-0.00k|0.80| 0.0k | c.o3m 04395
T/25/%8 |k-3~3-%D |28 |28 |0.0%10 | Lower |-0.008]0.838| -0.007 | c.01p0 0,198
7/15/48 |#~3-3-2% [28 |28 [0.068 | Tower* |-0.220 | 0.5%0 | -0.229 | 0.0000 ‘0400

Tangent Prejectory.
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NACA RM No. 9AO05
TABLE ITI - Goncludsd
WATERIROP TRATECTORY VALUES CBTAINED FROM DIFFERENTIAL ANALYZER FOR JOUXOWSKT AIRFOIL,
Camborsd s = 1 Mean Line 15¥ Thiok _ . _a=0% .
. p_ Tl m (o )

Date | RunNo.| ¥ | Ry| ¥o | Burface| = T | Fa Yoo Yo B 7Ty | IO T Vex Tlckess
771518 | t~g-boew]| 2] 219 0.0000[ Upper* | 0.109| 1000 | 0.357 0.0620 1.000 ‘ 0.513
T/15/%8] %~3-h-21, | 010| 20| -0.0620| Lover* |-0.085|0.683 |-0.200| 0.0000 0.000

T/15/48 | hehe1-30] 27 | 2% | -0.0280 | Upper® [ 0.092|0.938 | 0.405| o.okg2 1..000 0.328
7/15/48 | keb-1-1D | oT | 2% | -0.03%| Ugper | 0.032]0.727 | 0.288] 0.03%0 0.793

7/25/48 | 4120 | 27 | 2% [ -0.08% | Upper [ 0.012[0.638 | 018 | 0.0z 0.593

7/15/48 | w4~1-3D | 2T | 2% | «0.0575| Lower [-0.00k]0.649 | 0.06 | 0.0197 0400

7/15/48 | k-k-2-kp | 27 | ¥ <0.0670 | Lower |-0.01§ 0.6k |-0.046 | 0.0I02 0207

7/15/48 | ht~1emn | T | 2% | o077 | Tower* |0.068{0.638 |-0.264 | 0.0000 0.000

7/16/:%8 | k-b2~30| 29 | 26 | <c.03%7| Upper® | 0.072 [ 04921 | 0487 | 00378 1.000 0.5
7/16/38| %-bn2-1p | 29 | 26| -0.0k25| Tpper | 0.025]0.634 } 0.3 | 0030 PToL

7/16/48| k-k-2-2D| 29 | 26 | -0.0%00] Tpper ] 0.010|0.535 | 0.208| o0.022% 0.555

7/16/u8 | hutie-30] 29 | 26 | 0,058 | Lower [=0.005(0.485 | 0.03L| 0.1k3 04378

7/26/8 ] hlip-hp | 29 | 26 | -0.0660] Lower |~0.018]0.54% |-0.a2h| 0.006% oA

7/16/48 | -he-3r | 29 | 26 | -0.0725] Lower® |~0.053] 0.7% | 0319 | 040000 0000

7/16/18 | k-k-3-47 {211 | 28 | —0.omk0 | vpper* [ 0.0h6[0.686 | 0.576| 0.0045 1.000 0.163
7f19/48 | h-t=g-1p | 21 | 28 | ~0.0%00 { Voper | 0.015 |0.u48 | 0.360 | 0.0285 0TS

7/19/48 | h-t=3-2D {212 | 28 | 00548 | Typer | 0.003 |p.381 | 0.1 | oc.o137 0.5%

7/19/48 | 4~4=3-3D | 211 | 28 | -0.0%5% | Tower |-0.00% [0.368 | 0.048| 0.0091 0.370

7/19/48 | b-b-3-4D {212 | 28 | -0.0638 | Lower [-0.013 |0.uoT [~0.103{ 0.00% 0.20k

7/16/48 | heti-3-4L {221 | 28 | 0.0685 | Tower* |-0.038'|0.60k {-0.38 | 0.0000 0000

T/19/48 | k-h-i-li7 | 213 { 210 | 50548 | Dpper* | 0.02%5 {0471 | 0.600 | 0.0102 1000 0.068
T/19/48 | beh-k=1D | 213 | 210 | ~5.0%69 | Tpper | 0.007 |0.258 | 0.308 | o.008 0.75%

7/19/48 | heti=heD | 213 | 210 0.05%0 | Lower |-0.00L [0.178 | 0.08 | 0.0060 0.588

T/29/48 | h=li~h~3D {213 | 220 | 0.0610 | Iower |-0.008}0.18k |-0.079 | 0.00K . 0.3%

T/19/48 | k~k=k-UD | 213 [ 2230 0,080 { Lower |-0.012 {0.211 |~0.168 | 0.0020 096

7/19/48 | h=3-h-2T, (213 | 210 | <0.06%0 | Lower* |~0.025 {0464 [-0.428 [ 0.0000 0.000

T/20/48 | b=5-1-30 | 230-} 2% | 0,060k | Upper | D.022 [0.346 | 0.361 | 0.0096 1.000 0064
7/20/48 | 45-3-kL [210 [ 2% | -0.0700 | Tower |~0.018 |0.317 |[~0.368 | 00000 0000

T/e1 /8 | hes~oy | 212 | 26 | 0.06%0 | Tgper | 0005 {02088 | o.527 | 00028 1000 0.017
7/21/48 | hasep2r, (222 [ 26 | 00675 | Tower [-0.012 |0.143 |-0.2%3 | 0.0000 04000

Tfe1/%8 | k-5-3-0T 214 28 | -0.0695 | vpper | 0.006 {0.113 | 0.301 | 0.0015 1.000 0.010
T/e1/t8 | k=%-3-1L 21k |28 «0 0670 | Lower Fo.oo& 0LHh6 | ~0.118 | 0.0000 0.000

Mengent Trajeotory.
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Figure 1,- Drawing of three airfoll - angle-of-attack combinations,
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Figure 2.- Diagram of velocity components of air siream and waterdrop.
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E/ Ep (dimensionless)

L.B 1 T I T
| AIRFOILCASET |
E/Ey Vs 8, various RU
1.4 s = Distance along airfoil surface ¥ _ o3
Idiv*lded by chord length % =
: ! . _! ! Joukowski ajrfoil
; E Yo YQL Symmetrical 15 percent thick
1.2 iy = - = 20
M ¥ Yo @
°u L o " o8
1.0 Ry, = 2 %—-'26
- ]
v
y/
0.6
0.4 4/
0.2
TR
(o SWEE P L ‘—-"‘ﬁ'{; PEEE P Lty P NI [ [N A S N Lt 1
0.3 0.2 0.1 0 0.1 0.2

lower s (dimensionless)

Figure 12.

Upper

9t

GOV6 "ON WY VOVM




1.6 | | i | t
AIRFQIL CASE I
E/Ey; vs s, various Ry
14 5 = Distance along airfoil surface ¥ .90
divided by chord length Ry
] Joukowsld airfoil
E Yo - Y‘oL Symmetrical 15 percent thick
1.2 E—-—- y'—'ﬁ'—'--'-——'_ v x = 20
M oy 7o
g >l
H o
Z
5 4
& 0.8 /l
0.4 /
/
- 0.2 //
W
/
0 P R I déll'llllL..g R (PRI PR PRI SR P
-0.3 -0.2 0.1 0 0.1
Lower 3 (dimensionless) Upper
Figure 13.

0.2

COVE "ON WY VDVM

LE



1. T ] 1 [
| ATIRFOIL CASE I | I
E/Ey vs s, varlous By |
1.4 & = Distance along airfoil surface ¥ 33 — |
' - divided by chord length
I — Joukowski airfoil —
E Yo - YQL Symr;gtrica.l 15 percent thick
1.2 By = Yo - Vo ¢
Ry, = 910
1.0 7Y
[ JA
ANE
n n
\_.20

E/Ey (dimenslonless)
[ o)
o) o

0.4

0.2

ik

[ | .

0.1
8 (dimensionless)

Figure 14,

0.2

GOVE "ON WY YOVN
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E/Ey; (dimensiorless)
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E/Ey; vs8 s, various 1Ir/R.U
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1.6 L g
| Amrom cask H, l
: E/EM vs B8, various */RU §
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EM, Total percentage catch
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ATRFOIL CASE IV
100F <=3 ';;;t-};:;:‘“ =P M T E,, Ve ¥,varions Ry
\\\ \\\\\:\N\ Joukowskl airfoil
\\. \ \\ “N. Cambgred 15 percent thick
N N a=0 a4 = ] mean line
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\ N &
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\ \\ & JO
N N & 5“' —|— <+ <+ Extrapolated
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Fipgure 18.
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SU, Furthest position of 1Impingement on upper surface
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o ATRFOIL CASE IV |
% L L—; I R R PR AS] _ Sy, vs ¥, various RU
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T 1 1
r ATRFOIL CASE IV
E/Ey v& 8, various Ry
1.8 ¥ 2-—3
§ = Distance along alrfoil surface Ry
divided by chord length Joukowskl airfoll
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E/E); (dimensionleas)

T 11
AIRFOIL CASE IV !
1.8 E/Ey v8 8, varlous R, |
i = 29 ]
s = Distance along airfoll surface Ry
1.4 divided by chord length Joukowskl airfoil T
] ] Cambered 1b percant thick
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Figure 22.
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E/ By (dimensionless)

Pl T T
| AIRFOIT, CASE IV
E/Ey; ve s, various R
Ry , '
Joukewski airfoil i
Cambgred 15 percent thick
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Figure 23,
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AIRFOIL CASE IV

E/Ey v 8, various ¥/Ry

Figure 24,

1.8 Ry = 08
Joukowskl airfoil
s = Distance along sirfoll surface C&mbgred 15 percent thick
1.4 divided by chord length c=0 4 = 1 mean line
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T I I |
| AIRFOIL CASETV |
E/Eyy ve 8, varlous 7l‘/RU
1.6 Ry = 28
: Joukowski airfoil
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I T 1
| ATRFOIL CASE IV T
E/Ey Vs s, varlous t/RU
10
1.8 . RU =2
E _Jo Yo Toukowski airfoll
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%y L a=0° a=1meanline
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‘Ir't.laltlo of rlate ('Jf 'ilva’ge::‘ :%.rln‘lr,n!.ngemeilt
—] 4 — ] — - PR Y 1 A— for airfoll Case I to that for a
4. =T cylinder vs ¥ (based on airfoil
'y { N chord length)
N C ™ E x U x max, thickness
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N NN % ||| e (i), x U x i
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Figure 27,
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Ratio of rate of water impingement
for alrfoil Case IV to that for a
cylinder vs ¥ (based on airfoil
chord length)
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